The association properties of Am and Pu with aquatic fulvic acid in a 0.01 M NaClO 4 solution at pH 6-7 were studied on the basis of molecular size distribution. Seven fulvic acids (FA) were isolated from river, lake, and groundwater samples using XAD extraction technique. They were used for comparison of their effects on the association of Am and Pu. In the absence of FA, about 80% of Am and 75% of Pu were found to have molecular size greater than 450 nm (particulate forms). On the other hand, in the presence of FA, particulate forms of Am and Pu decreased with increasing FA concentration, and were negligible at the FA concentration of 10 mg/L. Both Am and Pu were associated mainly with aquatic FA having two size fractions of 30-10 kDa or less than 5 kDa. The differences between Am and Pu were rather small and the association patterns were divisible into two groups: size-selective and non-size-selective. Complexation of FA with Am and Pu was controlled by the amount of FA, the percentage, and characteristics of each size fraction of FA.
Introduction
The environmental behavior of actinides is dependent on whether the actinides are injected in the environments as source-dependent or source-independent species. 1 The mobility of actinides is also controlled by complex physico-chemical interactions that depend largely on the properties and characteristics of actinides, the aquifer, and the suspended solids. Association with colloidal organic materials such as humic substances (humic and fulvic acids) is a well-recognized decisive factor for the fate of actinides in surface aquatic environments. [2] [3] [4] Most organic materials in natural waters are humic substances that are polydispersed mixtures of natural organic polyelectrolytes and brown or black complex organic acids of widely various molecular weights. 5 These substances are heterogeneous mixtures of many molecules which vary from region to region. For that reason, they cannot be treated as simple complex forming ligands. 2, [6] [7] [8] Studies of the chemical characterization of humic and fulvic acids indicate that the amounts of different functional groups vary considerably among humic substances of different origin. [9] [10] [11] The association of actinides-lanthanides with humic substances was found in different molecular size fractions through field observations [12] [13] [14] [15] and laboratory experiments. [16] [17] [18] [19] These molecular size effects of humic substances on the complexation affinity and sorption ability might considerably affect the migration behavior of actinides. 17, 18, 20 This study reports association properties of Am and Pu with aquatic fulvic acid, the dominant fraction of humic substances in natural waters, based on their molecular size distribution. The aquatic fulvic acids were isolated from two shallow groundwater samples and other samples obtained from three rivers and a lake surface. Those substances were then examined to compare their effects on the association of Am and Pu.
Experimental

Environmental conditions of aquatic fulvic acids.
Fulvic acids (FA) were isolated from three river water samples (Yodo, Yamato, and Suwannee Rivers) and a Norwegian surface water sample, each of different environmental conditions. The Yodo River is a major river running through the Kinki region, which is a very heavily populated urban area in Japan. The river water originates from Lake Biwa in Shiga Prefecture, and is supplied from the lake at 40 m 3 /s. 21 The Yamato River is located in the Osaka Plain and Nara Basin in the Kinki region and has a watershed area of 1070 km 2 . It originates from the Kasachi mountain area, and runs through a heavily populated urban area. The Suwannee River rises in the Okefenokee Swamp and flows through southern Georgia and northern Florida. Most of the Okefenokee Swamp drains into the Suwannee River. 22, 23 The Nordic samples were obtained from a reservoir of Vallsjorden, Norway. The reservoir is at 225 m above sea level and has a maximum depth of about 14 m. T he Suwa n nee a nd Nord ic waters a re brown ish. Groundwater humic substances from the Glass Block site (GB) and Wallace Point (WP) in the Chalk River Laboratories of Atomic Energy of Canada Limited were also used in this study. The GB site is located in the recharge area for a shallow sand aquifer. That recharge area is a seasonal wetland and the subsu r face residence ti me for t he g roundwater is of approximately one year. Wallace Point is located in the discharge zone of an overburden flow system. Physicochemical properties of water samples are shown in Table 1 . From the GB and the WP sites, 20,000 L and 10,000 L, respectively, of shallow groundwater were collected. The isolation and purification of humic substances were carried out using the column method with XAD-8 or DAX-8 resin. 2 5 The amounts of humic substances were 0.04 g for the Yodo, 0.08 g for the Yamato, 18.2 g for the GB, and 9.3 g for the WP. Suwannee River and Nordic FA isolated by the XAD-8 extrac- Table 2 . 23, 26 The chemical composition of GB and WP humic substances indicates fulvic-like characteristics and is consistent with the occupation of FA in natural waters. 5 A stock solution of the FA was prepared by dissolving 10 mg of the purified FA in a dilute NaOH solution. Then the solution was made up to 100 mL of 0.01 M NaClO 4 . The solution was adjusted to pH 8 by adding dilute HClO 4 . All fulvic stock solutions were stored in a refrigerator at 4 °C.
Effects of Fulvic Concentration and Molecular Size on Complexation of Am and Pu with
Complexation experiments.
Association experiments were carried out in a medium of 0.01 M NaClO 4 solution at the fulvic concentration of 1-20 mg/L and pH 6-7. A nitrate solution of 238 Pu and 241 Am was used for experiments. A stock solution containing 238 Pu was prepared through dilution with deionized water. The stock solution was adjusted to pH 4 using NaOH solution. Valence of 238 Pu in the stock solution was confirmed as Pu(IV) using TTA-xylene extraction method. A stock solution containing 241 Am was also prepared using a similar procedure. In addition, 100 µL of 238 Pu and 241
Am solution was added to 10 mL of fulvic solution in a Teflon centrifugation tube. The initial concentrations of Am and Pu was respectively (1.0-7.6) × 10 -8 M and (3.0-7.6) × 10 -6 M. After 7 days of shaking in an oven at 25 °C, the solution was filtered with 450 nm filters and measured for pH.
Ultrafiltration technique was used to size-fractionate Am and Pu in the fulvic solutions because it is a non-destructive and reagent-free method. The sample solution was sequentially ultrafiltered with simple ultrafiltration filters (Ultrafree CL filters; Millipore Corp.) having nominal cut-off molecular weights of 100 kDa, 30 kDa (polyethersulfone membrane filters), 10 kDa, and 5 kDa (regenerated cellulose membrane filters). The radioactivity of 238 Pu and 241 Am was measured for each molecular size fraction using liquid scintillation counting. The percentage of Am and Pu in each molecular size range was calculated from the radioactive concentration in each molecular size fraction. The molecular size distribution of the fulvic acid was measured using ultrafiltration technique or high-performance size exclusion chromatography according to a method described elsewhere. The unit of elemental composition is expressed on an ash-free basis. The Yodo FA was not determined for the above parameters because of small sample amounts. The contents of functional groups were measured using potentiometric titration or 13 at Am-Yodo FA and 100-10 kDa at the Am-Yamato FA system. In the presence of FA, the percentage of Pu in the size fraction of 30-5 kDa increases with the FA concentration. On the other hand, the variation in Pu is not great for the size fraction less than 5 kDa; it is nearly equal to that at the blank experiment. However, we cannot identify whether Pu-fulvic complexes and/ or Pu ionic species are present. Apparently, Pu is complexed with FA having specific molecular size fractions.
Dissolved forms of Am and Pu in the presence of fulvic acid with different origin.
The molecular size distribution of Am and Pu in the presence of FA with different origin is shown in Figure 3 . In the presence of Suwannee and Nordic FA, which are isolated from brownish water with high DOC concentration (Table 1) , the dominant size fraction of Am is 30-10 kDa (64-74%). On the other hand, the major part of Am in the presence of FA isolated from uncolored natural waters is found for molecular size less than 5 kDa at the AmYodo FA, Am-GB HS, and Am-WP HS systems. The dominant size fractions of Pu are less than 5 kDa for the Yodo FA, GB, and WP humic substances (38-43%) and 30-10 kDa for the Suwannee and Nordic FA (57-64%).
The molecular size distribution of FA is shown in Figure   3 (c). The dominant size of the FA is 30-10 kDa for the Nordic sample, and less than 5 kDa for the Suwannee and the Yodo FA and the groundwater humic substances. A similar size distribution was observed among Am and Pu in the presence of FA, and FA itself. A discrepancy in the molecular size distribution exists between Am and Pu in the presence of Suwannee-Nordic FA and the fulvic acids themselves. Figure 4 shows that a positive correlation exists between the percentage of Am and FA in each size fraction (correlation factor, r = 0.93) except for the size fractions of 30 -10 kDa and less than 5 kDa at the AmSuwannee and Am-Nordic FA experimental systems. A similar positive correlation exists (r = 0.93) between Pu and FA, except for the Suwannee and Nordic with 30-10 kDa and <5 kDa. Table 3 summarizes the percentages of Am and Pu in the dominant size fractions. We assumed that Pu in the size fraction less than 5 kDa was present as fulvic complexes on the basis of the size distribution of Pu in soil solutions. 28 The respective mean ratios of Am-FA/FA and Pu-FA/FA are 0.82 ± 0.09 and 0.82 ± 0.19 for the size fraction of <5 kDa. On the other hand, the size fraction of 30-10 kDa for the Suwannee and Nordic FA has different complexation affinities for Am and Pu. The averaged Am-FA/FA and Pu-FA/FA ratios are, respectively, 2.5 ± 0.6 and 2.2 ± 0.5.
Complexation properties related to molecular size distribution of fulvic acid.
Size selective complexation of fulvic-like materials with Am and Pu has been reported for laboratory experiments and field studies. 15, 19, 29 Matsunaga et al. 15 showed that a size fraction of 100-10 kDa was dominant for 239, 240 Pu (67%) and 241 Am (59%) in surface water in the Chernobyl nuclear accident area. The ratios of Am/DOC and Pu/DOC of the size-fractionation are 2.5-2.8 and are similar to our experimental data of the fraction of 30-10 kDa (Table 3 ). The different characteristics among size-fractionated humic and fulvic acids are presented. 12, [30] [31] [32] Consistent results for Am and Pu were obtained using 2-step and/or 4-step size fractionation for river, lake, and soil solutions.
15,28 Figure 4 shows that the slope (0.77) of the regression line at the Am-FA experimental system was in agreement with that (0.80) of the Pu-FA system. These results indicate that size-dependent complexation occurs in Am and Pu with FA in a 0.01 M NaClO 4 solution at pH 6-7 and fulvic concentration of 10 mg/L. Consequently, the association properties for Am-FA and Pu-FA complexes depend on molecular size distribution and characteristics in each size of surface water humic substances that are supplied from the watershed of river systems and groundwater humic substances in different recharge areas and geologic media. Fulvic acids in uncolored natural waters exhibit size-dependent complexation with Am and Pu. On the other hand, FA in colored natural waters show three complexation properties as follows: 1) the size-dependent complexation at 450 nm-30 kDa and 10-5 kDa; 2) the size selective complexation at 300-10 kDa; 3) no complexation for the molecular size less than 5 kDa. The molecular size of 30-10 kDa for the FA has different characteristics such as functional groups in comparison with that of FA in uncolored waters. These results suggest that molecular size distribution and each size fraction of FA are one of factors controlling the complexation. 
